The effects of immunization with the second-generation cocaine immunoconjugate GND-keyhole limpet hemocyanin (KLH) or with the anti-cocaine mAb GNC92H2 were assessed in a model of acute cocaine-induced locomotor activity. After i.p. administration of cocaine⅐HCl (15 mg͞kg), rats were tested in photocell cages, and stereotypy was rated to determine preimmunization drug response (baseline). Experimental animals were subjected to an immunization protocol with GND-KLH or treated with the mAb GNC92H2. Rats were then challenged with systemic cocaine, and their locomotor responses were again measured. Active immunization with GND-KLH produced a 76% decrease in the ambulatory measure (crossovers) in the experimental group and a 12% increase in the control group compared with baseline values. Also, stereotypic behavior was significantly suppressed in the vaccinated animals. Decreases in both measures were seen in the experimental group on two subsequent challenges. The maximum effect was observed at the time of the second challenge with a dramatic 80% decrease in crossovers. Treatment with GNC92H2 resulted in a 69% decrease in crossovers compared with baseline. This effect persisted across two additional challenges over 11 days with decreases of 46 -47%. In contrast, the control group showed increases of up to 28%. Significant differences between groups were observed in the stereotypic measure in all three challenges. The results indicate that these immunopharmacotherapeutic agents have significant cocaine-blockade potential and therefore may offer an effective strategy for the treatment of cocaine abuse. T he abuse of cocaine (structure 1 in Fig. 1 ) has reached epidemic proportions in the United States, representing a major and increasing threat to public health (1). At present, there is no suitable medication for the treatment of this illness. Despite the many advances in the understanding of the biochemistry of action of cocaine, the development of antagonists, agonists, and antidepressants for pharmacotherapeutic and psychotherapeutic interventions has had limited success in both animal models and clinical studies (2-4). Because these therapeutic means are designed to block the central neurochemical effects of cocaine, their actions are nonselective and thus generate unwanted secondary effects (5). Immunopharmacotherapy, wherein antibodies are used to neutralize the drug, offers a possible alternative. Rather than targeting the receptors in the brain, antibodies obstruct partitioning of cocaine from the blood. This approach has the advantage of operating by means of an endogenous response that is independent of the central nervous system, thus circumventing the problem of neurotoxicity.
T
he abuse of cocaine (structure 1 in Fig. 1 ) has reached epidemic proportions in the United States, representing a major and increasing threat to public health (1) . At present, there is no suitable medication for the treatment of this illness. Despite the many advances in the understanding of the biochemistry of action of cocaine, the development of antagonists, agonists, and antidepressants for pharmacotherapeutic and psychotherapeutic interventions has had limited success in both animal models and clinical studies (2) (3) (4) . Because these therapeutic means are designed to block the central neurochemical effects of cocaine, their actions are nonselective and thus generate unwanted secondary effects (5) . Immunopharmacotherapy, wherein antibodies are used to neutralize the drug, offers a possible alternative. Rather than targeting the receptors in the brain, antibodies obstruct partitioning of cocaine from the blood. This approach has the advantage of operating by means of an endogenous response that is independent of the central nervous system, thus circumventing the problem of neurotoxicity.
Earlier studies showed that anti-morphine (6) and anti-heroin (7) antibodies could suppress opiate-induced effects. In the last decade, this strategy has been explored as a possible treatment for cocaine abuse. Work from this laboratory demonstrated that active immunization with a keyhole limpet hemocyanin (KLH) immunoconjugate derived from the hapten 2 (code-named GNC) (Fig. 1) suppressed the psychostimulant effects of cocaine in rats and resulted in an 80% decrease of brain cocaine levels compared with controls (8) . Others tested the effects of a similar approach on the analgesic and reinforcing properties of cocaine with relative success (9) (10) (11) . However, these studies have raised concerns regarding the efficacy of the conjugate (12) , antibody surmountability (13, 14) , and the choice of schedules of reinforcement (14) . Recently, these concerns were addressed in the report of a series of studies from this laboratory, where both active (GNC-KLH) and passive (mAb GNC92H2) immunization were tested in a rat model of cocaine relapse (15) . It was found that immunization with GNC-KLH or GNC92H2 significantly inhibited the reinforcing value and, when combined, the intake of self-administered cocaine. These findings lend support to the hypothesis that antibody-based therapy could be useful in the treatment of cocaine abuse. To further examine this hypothesis, we sought alternative haptens that might provide a more effective immunogen. In an effort to obtain a more potent, longlasting anti-cocaine immune response, a second-generation hapten 3 (code-named GND) was designed and synthesized (16) .
Cocaine is known to be a powerful psychostimulant, and this effect is believed to result from actions on dopamine neurons in the striatum and ventral forebrain (17) . One measure of this effect is the increased locomotor activity and stereotypic behavior in the rat that is dose-dependent. Acute patterns of behavior in which characteristic behaviors such as sniffing, rearing, biting, and gnawing are repeated with abnormal frequency (18) . Thus, motor behavior provides a sensitive and reproducible measure of cocaine action in rats under standardized conditions. The present study examines the efficacy of active immunization with the second-generation cocaine immunoconjugate GND-KLH on the psychomotor effects of acute cocaine. To provide a mechanistic rationale, passive immunization with the mAb GNC92H2 was also tested.
Materials and Methods
Animals. Male Wistar rats (n ϭ 32; Charles River Breeding Laboratories) weighing 200-225 g on arrival were housed in groups of two in a humidity-and temperature-controlled (22°C) vivarium on a 12-h light͞dark cycle (lights on at 10 p.m.) with free access to food and water. All behavioral procedures were performed during the light cycle to promote low levels of motility during testing sessions. Before behavioral testing, each rat was handled by the experimenter (10 min). The study consisted of two separate experiments.
Cocaine Immunoconjugate GND-KLH. The hapten 3 was synthesized and coupled to the carrier protein KLH as described (8, 16) .
Monoclonal Antibody GNC92H2. The GNC-KLH conjugate (8) was mixed with an MPL ϩ TDM adjuvant system (Ribi Immunochem), and the vaccine emulsion was used to immunize mice Abbreviation: KLH, keyhole limpet hemocyanin. ‡ To whom reprint requests should be addressed. E-mail: kdjanda@scripps.edu.
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(strain 129 GIX ϩ ) that were not older than 3 months of age. The first injection (200 g) contained the immunoconjugate (100 g based on KLH) and adjuvant (50 g) reconstituted in PBS. The injection was administered i.p. A booster injection was given 2 weeks later in a similar fashion. An eyebleed of anesthetized mice 7-10 days later was used to assess the titer. In this case, a titer of ϳ25,000 indicated that no further i.p. vaccine was necessary. A final tail vein i.v. injection of GNC-KLH (50 g) in PBS (150 l) was given 1 month after the final i.p. boost. Three days later, the spleen was fused with a myeloma cell line (X63-Ag8.653) to produce hybridomas according to standard techniques (19, 20) with some modifications developed in our laboratory. The hybridomas were cloned into 96-well plates and screened against GNC-BSA conjugate by immunosorbent assay (ELISA) during the cloning process. Each member of a final panel of 19 mAbs was then assessed for binding to cocaine and cocaine metabolites in solution by using equilibrium dialysis ( 3 H-labeled compounds). The mAb GNC92H2 emerged as the clone with the most favorable overall properties of specificity and affinity for cocaine (15) .
Surgical Procedure. Rats in the first experiment (passive immunization with GNC92H2) were deeply anesthetized under chronic vapor halothane (1.0-1.5%) and implanted with chronic indwelling catheters in the jugular vein as described (21) . All animals were allowed to recover for a minimum of 7 days before self-administration training. The patency of each catheter was maintained by flushing daily with heparinized (30 USP units͞ml) sterile physiological saline. The integrity of each catheter was tested periodically (on observed erratic performance) by infusion of 0.1 ml of Brevital sodium (1% methohexital sodium), which resulted in pronounced loss of muscle tone within 3 s of i.v. injection.
Behavioral Procedures. Locomotor activity was measured in a bank of 16 wire cages, each cage 20 cm high ϫ 25 cm wide ϫ 36 cm long, with two horizontal infrared beams across the long axis 2 cm above the floor. Total photocell beam interruptions and crossovers, the number of times breaking one photocell beam was followed directly by breaking the other photocell beam, were recorded by a computer every 10 min. Background noise was provided by a white noise generator.
Before the immunization series, each rat was habituated to the photocell cages overnight, and before drug injection the rats were habituated again for 90 min. To determine preimmunization drug response (baseline), animals received an i.p. injection of 15 mg͞kg cocaine⅐HCl mixed in saline solution (bolus 1 ml͞kg), and their locomotor responses were measured during a 90-min session. Based on locomotor activity scores, animals were assigned to the experimental or control group in ranking order.
Stereotypic behavior (sniffing and rearing) was rated for 10 s every 10 min as described (22) . Data were arranged in contingency tables in the following way. For each response category and for each 10-min interval, the number of rats showing a particular category was tabulated. The degree of heterogeneity in each contingency table was then calculated by a likelihood ratio method (see Statistical Analysis).
On challenge days, animals received an i.p. injection of isotonic saline (bolus 1 mg͞kg) and were habituated for 90 min before the drug injection. Locomotor activity was measured during habituation and the testing session as described above. In both experiments, animals were subjected to a cocaine challenge (15 mg͞kg i.p.) on the 3rd, 7th, and 12th day after the last booster (GND-KLH) or passive immunization treatment (GNC92H2).
Immunization Procedures. Active immunization. Three days after the preimmunization cocaine injection, rats were immunized with i.p. injections of a 400-l bolus of a Ribi adjuvant (MPL-TDM) containing 250 g of GND-KLH or KLH in 100 mM PBS, pH 7.4. This initial inoculation was followed by boosts at 21 and 35 days. The last boost was administered without adjuvant; 7 days later blood was collected by tailbleed, and serum samples were analyzed by ELISA as described (8) by using GND-BSA-coated plates.
Passive immunization. Five days after the preimmunization cocaine injection, rats received an i.v. bolus injection of 90 mg͞kg of the mAb GNC92H2 in PBS (2.3 ml of a 13 mg͞ml mAb solution) or the control rat IgG (Sigma) in PBS (3 ml of a 10 mg͞ml solution) 30 min before the onset of the test session.
Statistical Analysis. Locomotor activity data were analyzed by subjecting 10-min total means for locomotor activity to a twofactor analysis of variance (ANOVA) (group ϫ time) with repeated measures on the within-group factor, time. Individual means comparisons for the main treatment effects were analyzed by using a Newman-Keuls a posteriori test. Stereotyped behavior data were analyzed by a likelihood ratio method, the ''information statistic'' (23, 24) .
Results
Active Immunization with GND-KLH. The average weight of the animals on completion of the study was 402 Ϯ 36 g (n ϭ 16). Anti-cocaine peak antibody titers were 1:25,000. The effects of GND-KLH on the psychomotor effects of cocaine can be seen in Fig. 2 . Once the rats were habituated to the photocell apparatus, saline injection produced only transient arousal (lasting less than 20 min) followed by relative inactivity. Preimmunization baseline values (control, 487.5 Ϯ 110.2; experimental, 635.2 Ϯ 165.7). At the first challenge, there was a significant statistical difference between the control and experimental groups in both mean activity [ Fig. 2a Passive Immunization with GNC92H2. The average weight of animals on completion of the study was 338 Ϯ 26 g (n ϭ 16). The effects of GNC92H2 on the psychomotor effects of cocaine can be seen in Fig. 3 . Once the rats were habituated to the photocell apparatus, saline injection produced only transient arousal (lasting less than 20 min) followed by relative inactivity. Fig. 3c Lower: 2Î ϭ 80.43, df ϭ 1, 9; P Ͻ 0.05]. The difference between the locomotor curves was greater throughout the first 40 min of the session.
Discussion
The results demonstrate that immunization with either the second-generation immunoconjugate GND-KLH or the mAb GNC92H2 measurably suppressed the psychomotor effects of cocaine as compared with control rats. Furthermore, this effect was sustained for up to 12 days after immunization in both studies. These findings corroborate and improve on our previous reports (8, 15) . Active immunization with GND-KLH resulted in a dramatic blunted behavioral response to cocaine (Fig. 2) . At the time of the first challenge, the vaccinated group showed a 76% reduction in locomotor activity (crossovers) compared with baseline (preimmunization) values, resulting in significant differences in mean activity between groups (Fig. 2a) . Also, marked differences in percent of stereotypy displayed between groups achieved significance throughout the entire session (90 min). The abatement in locomotion produced by GND-KLH persisted into the second cocaine challenge, and a maximum decrease in locomotion was obtained upon the last challenge, with an 80% reduction versus baseline values (Fig. 2 b and c) . Stereotypy differed significantly between groups across all testing sessions. Notably, the experimental mean activity curve and the total activity counts resembled those after saline injection (data not shown). Moreover, this effect endured across all challenges, a total of 12 days after immunization.
Treatment with GND-KLH also prevented cocaine sensitization, a psychopharmacological phenomenon by which repeated injections of acute peripheral cocaine induce an increased motor stimulant response with each subsequent injection (25, 26) . This condition was observed in the control group, where there was a progressive increase in both measures in control animals across all challenges (Fig. 2 Upper) . At the third cocaine challenge, a 38% increase in ambulatory behavior was seen in the control group compared with baseline, and the enhanced stereotypic response was sustained throughout the session (Fig. 2c) .
These findings are an extension of an earlier study where GNC-KLH was also tested in a rat model of locomotor activity (8) . Comparatively, the present results indicate that GND-KLH produced a greater and more enduring suppression of cocaineinduced psychomotor behavior than GNC-KLH. These enhanced behavioral effects could be explained by the design features of the diamide hapten 3, which maintained an effective titer of between 12,800 and 25,600 that persisted throughout the time frame of the experiment (a total of 12 days). Although the absolute value of the highest titer was not greater than that elicited by GNC-KLH, the high-quality and longer-lived GND-KLH titer was apparently responsible for the improvement in the blockade of cocaine-induced psychomotor effects.
The GND hapten incorporates structural modifications hypothesized to be advantageous during immunization. As depicted (Fig. 1) , the distinct difference between GND and GNC is the ester-amide interchange, where 3 is devoid of the C-2͞C-3 esters found in 1 and mimicked in 2. Although the change in chemical structure appears radical at first glance, it has a sound physicochemical foundation. The intermolecular forces that contribute to the stabilization of an antibody-antigen complex are similar to those involved in the stabilization of the structures of proteins and other macromolecules (27) . Hydrogen bonding has held particular interest in this regard because of the central role it plays in molecular recognition (28) . Indeed, one of the best hydrogen-bond donor͞acceptors in water is the amide functionality (29) . The GND hapten displays two amide groups in the correct stereochemical configuration as found in the cocaine framework. Therefore, antibody affinity to cocaine itself could be optimized by taking advantage of interactions that rely on hydrogen bonds established by 3 during the immune response.
Besides the interactions that could be generated by GND, enhanced stability of GND-KLH compared with GNC-KLH during immunization should also be expected. The duration of the primary and secondary antibody responses varies with the dose, mode of administration, and persistence of the antigen (30) . GND with its amide functionalities will be more stable than GNC (31) . It is expected that this added stability could manifest itself into a higher sustained immunoconjugate concentration for the duration of the vaccination (32, 33) . Clearly, a longerlived antigen, together with a highly specific antibody response to cocaine, is especially beneficial to the success of this immunopharmacological approach.
Animals treated with GNC92H2 (90 mg͞kg) showed a 62% decrease in ambulatory behavior after the first cocaine challenge as compared with baseline, and the mean activity curves between groups were significantly different (Fig. 3a Upper) . This suppressive effect was also observed to be significant in the stereotypy measure throughout the session (Fig. 3a Lower) . The results are consistent with a recent study, where it was found that passive transfer of GNC92H2 dose-dependently affected cocaine selfadministration, resulting in a profound suppression in response rate and in a full blockade of cocaine self-administration reinstatement (15) .
On two subsequent cocaine challenges, similar but more modest decreases were seen in the experimental group in both measures, with significant differences between groups at the time of the second and third challenges (Fig. 2 a and b) . As in the first experiment, control animals showed increases in crossovers of up to 29%. In the experimental group, there was a 46-47% decrease in crossovers as compared with baseline values, and by the third challenge, a noticeable re-emergence of stereotypy early in the session was observed (Fig. 2b Lower) . These attenuated effects may be explained by the relatively short half-life of murine mAbs in the rat (ϳ8 days), resulting in rapid clearance (34) .
Similar patterns of behavioral suppression were observed in both GND-KLH-and GNC92H2-treated animals. Hence, the antibody titers elicited by the second-generation vaccine could be viewed to possess the robust and persistent quality of successive mAb passive transfers. This important feature, coupled with the intrinsic benefits of active immunization, namely a protective, endogenously sustained anti-cocaine mechanism, renders this conjugate a powerful immunotherapeutic.
In humans as in laboratory animals, a main determinant of the addictive potential is the mode of ingestion of cocaine (35) . The significance of this factor relates to the course of plasma cocaine concentration as a function of route of administration (36) , determining the rapidity with which the drug reaches the brain to exert its euphoric effects (37) . Therefore, a stable and long-lasting endogenous mechanism that binds peripheral cocaine should provide a safe and reliable means of protection against the drug. The data reported herein describe two immune-mediated cocaine-blocking agents that effectively impede the passage of the drug into the brain as reflected by the dramatic and persistent suppression of cocaine-induced psychomotor activation. These findings are an important addition to the evidence accumulated in recent years that immunopharmacotherapy offers a promising strategy for the treatment of cocaine abuse.
